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MEASUREMENT OF CABIN AIR QUALITY ABOARD 
COMMERCIAL AIRLINERS 

Ni*£n L. Nagda and Michael D. Koontz 
CEOMET Technologies Inc.. 202*51 Cemury Boulevard. Germantown, MD 20874, U.S.A. 

Arnold G. Konheim 

U-S Department of Transportation, Washington, DC 20590, U-S.A. 
and 

S. Katharine Hammond 

University of Massachusetts Medical School, Worcester, MA 01605, UiA. 

(Received firr publication 26 February 1992) 

Ahatraci—Between April and June 1989, 92 randomly selected flight* were monitored to determine 
prevailing level* of environmental tobacco smoke (ETS) and other pollutant* is the airliner cabin 
environment. The monitored Rights included 69 smoking fights, 8 of which were international and 23 
nonsmoking flights, all of which were domestic. Selected ETS contaminants (nicotine, respirable suspended 
panicles and carbon monoxide), as welt as ozone, microbial aerosols, carbon dioxide tad other environ¬ 
ments) variables were measured in different parts of airliner cabins. Particle and nicotine concentrations 
were highest in the smoking section and were somewhat higher in the boundary region near smoking than in 
other no-smoking sections or on nonsmoking flights. Levels of these ETS trsoers were correlated with 
■moling tales observed by field technicians, and (heir levels in the boundary section were higher when more 
proximate to the smoking section. CO* levels were sufficiently high and humidity lards were auffleientfyJow 
to pose potential comfort problems for aircraft occupants. Ozone levels were well within existing standards 
for airliner environments, and levels of microbial aerosols were below those in residential environments that 
have been characterized through crois-sections! studies. 

Key word Index: Indoor air quality, airliner cabin, monitoring environmental tobacco smoke carbon 
dioxide, ozone, microbial aerosols, air exchange, random Sampling. 
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J. INTRODUCTION 

1.1. Background 

The airliner cabin environment has been of great 
concern for the last 20 years to various dements of the 
U.S. Federal Government, special interest groups 
organized to advocate public or industry positions, 
and the general public iuelf. Passenger complaints 
about smoking ted 10 segregating smoking passengers 
in the early 1970a Later concerns about stratospheric 
} ozone prompted standards (0.25 //If ~ 1 maximum tn- 

1 itantaneous level and 0.1 //If 1 as time-weighted 3*h 

i standard) for the ozone concentration in airliner ca- 

J bins (Federal Register, 1980). 

During the mid-1980s the Committee on Airliner 
J Cabin Air Quality, assembled by the National Aca¬ 

demy of Sciences, performed a systematic renew of 
exitting information relating to health and safety 
j '' aspects of (he airliner cabin environment aboard civil 
! commercial aircraft. The committee's report (NRC, 

1986) identified several potential sources of environ¬ 
mental quality problem! on aircraft, including 
tobacco smoke, ozone, cosmic radiation, humidity 


If 


and microbial aerosols. The committee also recom¬ 
mended that smoking be banned oo all commercial 
flights to lessen irritation and discomfort of non¬ 
smoking passengers and cabin crew members, to 
reduce potential health hazards from exposure to 
environmental tobacco smoke (ETS) and to eliminate 
the possibility of Area caused by cigarettes. 

Public Law 100-200, enacted in 1987 and effective 
for 2 years beginning in April 1988, prohibited smok¬ 
ing by passengers on any scheduled domestic com¬ 
mercial flight of 2h or shorter duration. Al the same 
time, the U-S. Department of Transportation (DOT) 
received Congressional approval to conduel a study to 
resolve certain technical questions related to potential 
continuation or beoadening of the prohibitions in the 

law. 

The purpose of the study was to develop informa¬ 
tion to be used for determining health risks from 
exposures to ETS for nonsmoking airliner occupants, 
si well as risks Atom other pollutants of concern for alt 
airliner occupants. This paper reports on methods 
used for and results of air quality measurements 
conducted in the study; evaluation of health risks due 
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to £TS, other pailutann and cosmic radiation ar well 
as assessment oJ mitigation strategies are included in a 
DOT report (Nagda er al., 1989). 

1.2. Prior studies 

Early studies conducted in response to pa&enger 
complaints by the Federal Aviation Administration 
(FAA) and Public Health Service (1971) measured^ 
cabin levels of carbon monoxide (COX hydrocarbon 
vapors, total suspended particulate matter and poly- 
aromatie hydrocarbons on 20 U.S. Air Force Military 
Airlift Command flights and 14 domestic flights over 
an 18-month period. Environmental sampling re¬ 
vealed very low levels of each contaminant measured, 
well below occupational and environmental air qual¬ 
ity standards, and these contaminants were not judged 
to represent a hazard to nonsmoking passengers. 

More recently, Oldaker and Conrad (1987) meas¬ 
ured vapor-phase nicotine in no-smoking and smok¬ 
ing sections of three types of commercial aircraft 
(Boeing 727-200, 737-200 and 737-300) Average 
nicotine concentrations (±»taodard deviation) were 
22.4± 28.4 ^gm" 1 in smoking section*, 10.6±9.7 
iigm" 1 in the boundary region of no-smoking sec¬ 
tions, and 3.3 ± 3 6 fig m" * in the remainder of the new 
smoking sections. The investigators did not find any 
significant correlation between nicotine concentra¬ 
tions and the number of smokers; however, smoking 
rates were not measured. 

Data on nicotine exposures, colinine (a major 
metabolite of nicotine) excretion levels, and acute 


symptoms from a subsequent study of passive smok¬ 
ing on commercial airliner flights showed that a total 
separation of smoking and nonsmoking section* wa* 
not achieved (MatUon ft aJ, 1989) The *tudy wa* 
conducted with nine subjects on four flight* tailing 
approximately 4 h each. Two of the four flight* were 
on aircraft with 100% outside air ventilation (Boeing 
727) and the other two were on aircraft with 50% 
recirculation (Boeing 767X The observed nicotine lev¬ 
els were similar to those measured in the Oldaker and 
Conrad study: 13.6±23.0 signs'* tn the boundary 
region of no-smoldng sections and 16.5± 17.1 yi m " ‘ 
in smoking section*. Aircraft with no recirculation had 
significantly lower nicotine concentration* than those 
with recirculation. 

Although these studies have been useful in sugges¬ 
ting ranges of concentrations of .ETS tracers encoun¬ 
tered in the general airliner cabin environment, the 
monitored flights were not randomly sleeted and the 
cumber of observations was generally small, pre¬ 
cluding any generalization of the result*. Similarly, 
determining factors (eg. smoking rate*, ventilation 
systems, seating patterns) of ETS concentration* lor 
the general airliner cabin environment were not in¬ 
vestigated in depth. 

1 METHODS 

21. Mtamrimtnu 

Air pollutants were selected for monitoring that had 
known or suspected sources in the aircraft sod could be 



Table 1. 

Measurement parameter* *od mothcxl* 


Parameter 

Sample collection 
method 

Analysis 

mslhod 

Reference ' 

ETS contaminant! 
Carbon monoxide 

Nicotine 

Rejpirxbfe 

particle* 

continuous monitor 

aod iuiB-bis ulfa tc 
Ireilcd filler 
filtration with 
cyclone *np«r*tor 

solid polymer 
electrolyte 

gas chromatography— 
nitrogen selective detector 
gravimetry 

Nagda and 

Koontx (191 J) 

Hammond et aL (1917) 

Hammond tt tL (1M7) 

(interned) 

Respirable 

particles 

(continuous) 

continuous monitor 

sephclometry 

Ingebretbans a at (IMS) 

Microbiol aerosols 
Fungi 

Bacteria 

impaction 

impact ion 

cuiture/microscopy 
cu It u rc/cni crotcopy 

Burge m eL (19*7) 

Burge a at (19t7) 

PallulMU 

Oione 

Carbon dioside 

MBTH'-coawd fillet 
detector lube 

spectrophotometry 
length of its in 

Lambert at al. (1919) 

Lynch (19*1) 

Otlut parameters 
Temperature 
Relative 
humidity 

Barometric 

continuous 

continuous 

eoniwuM* 

platinum RTD 

thin-film dielectric Kmor 

piezo rcama net 

ASHRAE (1913) 

A5HRAE (I9S5) 

ASHRAE (19*5) 

preuur* 

Air iKchiA|i 

•Ofbeil tub* (passive) 

ps diromatofnphjr 
of perfiuorocarboa truer (PFT) 

Diet* and Cota (1912) 


* J- Met hyt-2-beniothiaioli none. 
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monitored or sampled in airliner cabins with small, unobtru¬ 
sive instrumentation. The ETS contaminants monitored 
during the study were nicotine, respirable suspended par¬ 
ticles (RSP) and CO, The other pollutants thst were moni¬ 
tored were ozone and microbial aerosols. In addition, carbon 
dioxide (CO,) was monitored. The monitoring package 
configured for the study consisted of instruments and sensors 
for measurement o( time-varying concentrations of contam¬ 
inants in addition to samplers for collection of time-inieg- 
ra Led samples. It also included a data acquisition system fot 
recording outputs fcoas the continuous monilori.’The instru¬ 
ment was packaged in a single, compact carry-on bag (46 
x 23 * 23 cm high) typical of that earned by airline pasaen- 
gen. 

Nicotine was measured through collection of time-Integ¬ 
ra ted samples and CO was measured with portable continu¬ 
ous monitors, RSP was measured both by integrated and 
continuous methods, with an optical senior is the litter case 
(Table 1). CO, and ozone were measured with time-integ¬ 
rated samples whereas short-term samples were collected for 
microbial aerosols (bacteria and fungi) near the end of each 
flight, prior to descent. Temperature, relative humidity and 
cabin air pressure were monitored continuously with port¬ 
able seniors. Air exchange rales were measured using con¬ 
stant release and integrated sampling of perfluorocarbon 
tracers (PFTsk Smoking rates were estimated through tech¬ 
nician observation! of (he number of lighted cigarettes 
during a 1-ntin interval every Maiio and collection of 
cigarette butts at the end of most monitored flights. AU 
aspects of the measurement protocol were pretested on four 
commercial flighls that were monitored over a 3-day period 
in March 1989. 

Monitoring was lo be performed by each technician at an 
assigned seat- Based on pvetest monitoring at s variety of 
locations, the following four locations were chosen for moni¬ 
toring or smoking flights: coach smoking section, boundary 
region of tbe no-imokiog section within three nonsmoking 
rows near the coach smoking section, middle of the no* 
■molting section end nmole ntwimoking section (i e. as fir as 
possible from coach smoking, usually near the first-dial 
smoking end no-smoking lections) Because less substantial 
variations were eipcctcd on nonsmoking flights, two loc¬ 
ations (middle and reer of the plane) were chosen for those 
flights. ETS contaminants were monitored at all seat loc¬ 
ations and other pollutants were monitored at half of the 
locations The instrument package was typically placed on 
the technician's lap or lap tray lo obtain measurements of 
ooitraminanli most representative of passenger breathing 
levels. 

Quality control procedure* for integrated umpire, includ¬ 
ing nicotine, RSP and ozone, consisted of daily meisurw 
menu of sampler-pump flow rale* in the field end submission 
of field Winks and duplicate samples to the analytical 
laboratory. Duplicates were else deployed for the passive 
detector tubes used to measure CO, levels, but the tubes were 
not calibrated. The optica) sensors for RSP were lilted with • 
Ifi-mte cyclone to remove particles larger than 3-5 pm dia¬ 
meter. Prior to use in the fidd. these sensors were calibrated 
dynamically, based on exposure lo ETS-RSP in as environ¬ 
mental chamber (Lcadercr «r aJ„ 198k) and *u office telling, 
through referenre to concurrent measurements with a pieao- 
eteetrie mvcrobalance and with gravimetric methods. A 
scries of three exposures was performed in the teat chamber, 
with relatively constant ETS-RSP concentrations generated 
during each test by human smokers at low, moderate and 
high smoking rates. In a closed office room, ETS-RSP Via 
generated intermittently to obtain time-varying RSP concen¬ 
trations. 


2.2. SeVrifcm o/jMu 

The target sample tire for the study waa 60-120 smoking 
flight* on jet aircraft, including some international flight*. A 

M(u tant-r 


smeller set of 20-40 nonsmoking flights was targeted to 
provide 1 baseline for comparison. The target sample size for 
nonsmoking (lights wni smaller because flight-to-flight vari¬ 
ations in ETS coniaminanl level* were expected to be lower 
than for smoking flights. 

A total of 70 airport* that collectively accounted Tor 90% 
of U J. enplanementa during 1987 Was used a* the saoipErg 
frame for selection of Sights to be monitored. Airport! of 
departure were randomly selected for study flights lo provide 
proportional representation of airports esaog'esed witlf sti 
smoking and nonsmoking flights s che d uled for departure 
during January 1989, baaed on computer data file* supplied 
by DOT. The random selection! were made separately, for 
smoking and nonsmoking flight*. The specific Sights lo be 
monitored ware chosen by randomly chaining together the 
selected airports of departure, subject to constraints relating 
to (he smoking/oonsmoking status of flights. 


1 RESULTS AND DISCUSSION 

3.1. Representativeness of the sample 

In total, 92 flights were monitored between April 
and June 1989. These included 23 nonsmoking flights 
and 69 smoking (61 domestic and 8 international) 
flights. The monitored smoking flights proved to he 
representative of types of aircraft (Fig. I), based on a 
comparison with ail scheduled flights is the com¬ 
puter data flies. With the exception of Lockheed 
LI01 It, which were overrepresented, the distributions 
of monitored and scheduled flights differed by 00 
more than a few percentage points for each type of 
aircraft. The selected flights were alio representative of 
airlines, flight durations and timei of departure. 

3.2. Passengers and smoking 

The load factor, that is, the per cent sealing opacity 
filled by passengers, for smoking flights averaged 16 
on narrow-body aircraft (average passenger capacity 
of 138), and 64 on wide-body aircraft (capacity 288). 
For the nonsmoking flights (capacity 133), the average 
toad factor was 70. 

On average, there were 18 passengers in the coach 
smoking section (13.7% of all passengers). The aver¬ 
age smoking rate per smoking-section paasenger was 
1-5 cigarette* per hour (range: 0.2-3-3 cigarettes per 
hour per passenger) during the period when smoking 
was allowed. An average of 68 cigarettes per flight waa 
smoked by passengers in the coach smoking section 
on the monitored smoking flights. Comparative ana- 
lyses indicated that smoking rale* based on technician 
observations agreed very well with rates based on 
collected cigarette butu (r»Q.9k 

3J. Air exchange, temperature, humidity and pressure 

The air exchange rate depends on the type of 
aircraft, the extent to which air can be recirculated - and 
the extent of control that the cockpit crew has over 
outside air intake through selective use of air conditio¬ 
ning packs. Tbe aircraft type* with redrculatioa capa¬ 
bilities have lower nominal air exchange rates, ranging 
from 10 to IS h~‘ in moat eases, than far aircraft 
without recirculation for which nominal rales vary 
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>737 >737 >7*7 Dei DC* >747 >7*7 DC10 11011 Aktai 
AffiOUFT 


E3 UOWrOAK&njQHT* O ICMCDULID nJOHTt 

Fif. I. Kcpracnutlvcncu of domeitic smoking Aighu wiib respect to type of aircraft. 


Tsble 1 Nominal and m enured air exchange rater by type of aircraft* 


Type of 

Sirer*ft 

Air exchange nie(h"‘) 

Nominal 

Vital uredt 

Without recirculation 



Boeing 727-200 

2*4 

2 

Boeing 727-100 

2d 1 

: 

Botins 727.200 

23.9 

i 

McDonnell Douglas DC9-30 

27.3 

l 

McDo<mdJ Douglat DC10-I0 

22* 

J 

Lockheed LIOll-t/100 

I7J 

1 

Lockheed LIOll-JO 

19.2 

t 

With recirculation 



Boeing 737-300 

142 

17.7 ± 1022(9) 

Boeing 747 

14.7 

22.4*25(5) 

Boeing 757 

15.6 

27J±ia9(4) 

Boeing 767 

114 

19.5*9.7(4) 

WcOconeB Dougin DC9-S0/ 
MDI0 

14.7 

25.9*9.7(13) 


‘Aircraft types with only one monitored flight an excluded, 
t Average * standard deviation (number of Bighti) 

| Incomplete miring of the tracer gas resulted in errors m measure* 
men la 


from 23 to 27 h~' in most cares (Table 2). These 
nominal values at a cruise altitude of 9.1 km are baaed 
cm information provided by equipment manufacturers 
and airline operators (Lorengo and Porter, 1985). 

For aircraft without recirculation, the measured air 
exchange rates were in serious errorfthree to Bve time* 
higher than the nominal values for most Rights) and 
thus are not shown in the table. The pattern of 
measurement resulta indicated that there generally 
was insufficient mixing of PFTs throughout the air¬ 


liner cabin for the results to be indicative of prevailing 
air exchange rales. The insufficient mixing resulted 
from the need to remain unobtrusive during sampling, 
which restricted placement of PFT sources to only two 
locations on smoking Rights and one location on 
nonsmoking flights. The mixing problem affected 
measurement results of both aircraft with and without 
recirculation, but particularly those without recircul¬ 
ation. In the case of aircraft with recirculation, there 
was much greater opportunity tor mixing the tracer 
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gns within the volume of the plane because 20-50% of' 
the air was being recirculated. As shown in the table, 
the measured air exchange rates for these aircraft were 
generally consistent with but somewhat higher than 
the nominal rates. 

The average measured temperatuge wa* near 24“C 
(range 21-27*C) for all flights. Measured relative 
humidity levels were quite low, ranging from 5 to 38% 
across alt flights, but were even lower for smoking 
(average of 15.5%) than nonsmoking flights (average 
21.5%). The average cabin pressure was lower for 
smoking (635 mm Hg) than for nonsmoking 
(6S6 mm Hg) flights..Both the lower humidity and the 
lower pressure are consistent with higher altitudes 


that would generally be reached on the longer-duri- 
tion smoking Bights. 

3.4. Environmental tobacco smoke 

Average values for various measurement pafi- 
meters related to particle-phase and gas-phase ETS 
contaminants ire summarized by monitoring location 
for both smoking and nonsmoking flights in Table 3. 
R5P concentrations were highest in the smoking 
section, averaging near 175 fig IB ' *, and resultsTo/ the 
gravimetric and optica] methods were highly cqp- 
sistenL Jo other locations, the two methods yielded 
differing results. There was greater uncertainty for the 
gravimetric measurements due to relatively short 


Table 3. Levels of ETS contaminants on smoking and nonsmoking flights 

Smoking flights Nonsmoking flights 


Parameter 

Smoking 

Boundary 

Middle 

Remote 

Rear 

Middle 

Air?irie~pAo.se measurements 

Avenge RSP (gravimetric) Ogm* 4 ) 

! 74.6 

67J 

415 

52.1 

59.3 

69.4 

Average RSP (optical) (p*m‘ J ) 

177.0 

39.7 

11* 

17.9 

10J 

104 

Average R5P (both methods)(pgm" 1 ) 
Average of peak RSP (optical) 

175.* 

534 

307 

35.0 

34* 

40.0 

(/'I"'" 1 ) 

833.4 

211* 

68.7 

694 

11.2 

16.4 

Gas-phase measurements 

Avenge mocuine 

13.43 

036 

a04 

0.05 

ao 

00* 

Per ant nicotine samples 
below minimum detection 

4.3 

54.4 

*2.4 

66.7 

1000 

7IJ 

Average CO ') 

1.4 

06 

a7 

at 

04 

as 

Peak CO (jstfM 

3.4 

1.4 

1.7 

1.4 

IJ 

as 


evaiHng 
resulted 
tripling, 
nly two 
ion on 
affected 
without 

ecircul- 

n, there 
i tracer 


Table a Relationship between ETS measurements and smoking ratea for two sections of monitored aircraft 




Smoking rate. dgjh~ 

1 (number of lligltta) 


ETS measurement 

< to 
(12) 

10-19.9 

(23) 

20-29.9 

(17) 

>30 

(9) 

Coach smoking section 

Nicotine Oigm’ 1 ) 

Grtvimtlric RSP (plffl’ 1 ) 

Opiieal RSF(^im" J ) 

1.7 ±24* 
124.2 ±109.4 
105.1 ±47.9 

Il.2± 110 

143.5 ±11.7 
iJa9±*3.J 

I74±fit 

191.1 ±17.4 

119.7 ±64.0 

2S.7±2IJ 

276.7 ±127.2 

333.1 ± 103.7 

Boundary region near coach smoking 
Nicotine (>t gn' 1 ) 

Gravimetric RSP(pf m'*) 

Optical RSP (pirn'*) 

0.04 ±0.07 

58.1 ±44.0 

231± 17.9 

o.w±ao7 

6t.6±47.6 

24.1 ±19.4 

at7±ais 

79.4±66.2 

J2J±39.2 

aii±au 

16.1 ±905 

71 *±56.7 

'Average coneenlrstion±itandsrd deviation. 




Table 5. RebtiotuHip 0 / ETS measurement! is the boundary aection to technieUa dtstartoc from smoking section 

Distance from coach smoking 

ETS measurement 

One row 

Two row* 

Thnentn 

Four or more 
row* 

Nicotine O/gm'*) 

Gravimetric RSP (tignT’] 

Optical RSP fpgm'*) 

an±ais* 

*li±64.6 

Sai±34.4 

O34±|j01 

64S±J44 

2*4±354 

ao*±au 

44J± J7.1 
3U±«17 

004 ±009 

509 +770 

35.0 ±30.4 


'Average concentration ±itanderd deviation. 
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monitoring durations for a number of flights. For 
example, I h of sampling duration (or about I it 
20 min flight duration) on a nonsmoking flight would 
correspond to a sample volume near 0.1 m\ For this 
case, * laboratory uncertainly in mass determination 
of ±10 /ig could result in measurement values from 
— ICC to +100 MS tn" J for a prevailing concentration 
near zero. 

Cabin-wide optical results were more strongly cor¬ 
related (r n0.6) with smoking rates than were the 
gravimetric results {rw0.3k and optical concentra¬ 
tions in the smoking section were also more strongly 
correlated (r»0.$) with nicotine concentrations than 
were the gravimetric concentration* {' « OJ). How¬ 
ever, because the gravimetric method has a long 
history of successful use in various types of environ¬ 
ments, neither type of measurement result can he 
ignored. The results obtained from averaging the 
results of the two methods (Table J) indicate that 
differences across the no-smoking sections of the 
aircraft for smoking flights and differences between 
these no-smoking sections and nonsmoking flights 
were less pronounced than differences involving the 
smoking section. The combined results for nonsmo¬ 
king flights are consistent with KSP values that have 
been reported for other nonsmoking environments 
(Repace, 1987). The 1-min peak RSP concentrations 
indicate some migration of ETS contaminants into 
the no-smoking sections on smoking flights. 

Observed effects of tobacco smoking, based on 
gas-phase measurements, were more discernible for 
nicotine lhan for CO (Table 3). Beyond the marked 
increase in nicotine in the smoking section, the 
boundary region of the no-smoking section was most 
affected. Differences between nicotine levels for the 
remaining no-smoking locations and levels on non¬ 
smoking flights were within the range of measurement 
uncertainty, but nicotine levels were more often above 
detection limits in the no-smoking locations Of smok¬ 
ing flights than on nonsmoking flights. The only 
disocraibk effect for CO was in the smoking section 
itself. CO levels were generally highest before aircraft 
were airborne, both for smoking and nonsmoking 
flights, due to intrusion of ground-level emissions. 

Both nicotine and RSP concentrations in the coach 
smoking section were strongly related to observed 
smoking ratca in that section (Table *) This relation¬ 
ship also persisted in the boundary region near coach 
smoking, though not as strongly. For the other no- 
smoking sections, there was no apparent relationship 
between JETS levels and smoking rates. Within the 
boundary region, ETS concentrations generally were 
higher when the technician was seated within one or 
twe rows of coach smoking than when the boundary 
seal waa three or more row* away (Table 5). 

Results of statistical tests to contrast levels of ETS 
contaminants on smoking versus nonsmoking flights 
and among the different section* of smoking flights are 
given in Table 6. Comparisons were made using both 
parametric and nonpar* metric tests, as the oonpara- 
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metric tests do not require assumptions of normality 
or homogeneity or variances. For the srocking/rear 
location. level! of all sir ETS measurement parameter! 
were significantly higher (p<0.05) os smoking than 
nonsmoking flight*. For the middle location. levels 
were significantly higher for continuously monitored 
parameter! (optica! RSP and CO) but not for integ¬ 
rated-sample parameters (gravimetric fcSP and nico¬ 
tine). The only discrepancy between the t%o types of 
statistical test* was for average optical RSP at the 
middle location, for which the parametric test w*a 
significant at the 0.05 level but the significance level for 
the nonparametric test was 0-09. 

A comparison of different sections within smoking 
flights showed that levels of all six ETS measurement 
parameters were significantly higher (p<0.05) in the 
smoking than Ihc boundary location. The boundary 
location w*i significantly higher than the middle 
location for all ETS tracers escept CO. The only 
discrepancy between the two types of statistical tests 
war for nicotine at the boundary versus middle loc¬ 
ation*, for which (h« nonparametric test was signific¬ 
ant at the 0.05 level whereas the parametric ten had a 
significance level of 0.03. Thus, these tests indicate a 
clear difference between ETS levels in the smoking 
versus boundary sections and, to a lesser extent, 
between the boundary and middle sections, parti¬ 
cularly for parlicle-phase constituents. 

3.5. Other pollutants 

Monitored ozone levels were relatively low, aver¬ 
aging an order of magnitude befow the FAA 3-h 
standard of 0.10 ysf s' " 1 and never exceeding this level, 
Bacteria levels were higher than fungi levels and 
somewhat higher in smoking than nonsmoking sec¬ 
tions, but the measured bacteria and fungi levels in all 
eases were low, relative to those that have been 
measured in residential environments through cross- 
sectional studies (Tyndell et «l, 1987). 

Relatively high CO, levels were measured, aver¬ 
aging over IJOOrdd' 1 across all monitored flights 
(Table 7> Measured CO, concentrations exceeded 


1-000^1/*'. the American Society of Heating, 
Refrigerating and Air Conditioning Engineers 
(ASHRaE. 1989) level associated with satis¬ 
faction of comfort (odor) criteria, on 87V. of the 
monitored flights. Depending on assumed CO, ex¬ 
halation fates, measured levels were as much a* twice 
those predicted by a cabin ait quality model. Sven if 
the measured levels were to be lowered by halt 
however, CO, concentrations would still exceed 
lOOO/df.on 24% of the study flight! 

Average CO, levels measured at smoking and 
middle seats on ail smoking flights (domestic plus 
international) were examined in relation to type of 
aircraft, air recirculation, air exchange rate and load 
factors. The strongest association was with the load 
factor (Table 8k CO, concentrations increased.'with 
higher load factors, and were particularly high forload 
factors above 70%. CO, levels were also higher on 
narrow-body aircraft (average 1700 pi f ~ 1 ) than vide- 
body air craft (average near IJ00yd/ _, k as noted 
earlier, the narrow-body aircraft that were monitored 
had higher load factors on the average Relationships 
of CO, levels to nominal air rerirculatton and air 
exchange rates were leas pronounced. 


< CONCLUSIONS 

Levels of ETS contaminants monitored during the 
study were sub, tan daily higher in smoking sections of 
(he aircraft than in nonsmoking areas, and there leveh 
were strongly correlated with observed smoking rates. 
There was some evidence of ETS migration to the no- 
smoking boundary region near the smoking section, 
particularly for jisp concentrations jo this region that 
were related to smoking rates and distance from the 
smoking section. Monitored CO, levels were stifli- 
dently high and monitored humidity levels were suffi¬ 
ciently low to pore potential comfort problems for 
aircraft occupant! Oione level* on ail monitored 
flights were wed within existing standards for airliner 
environments, and monitored level* of microbial aero¬ 
sols were below those in residential environments 



Table 7. Averaieconcentrations of seteetedpolluUnlson smoking end 
ncnunokia| flight! 


Perimeter 

Smoking Sights 

Smoking Middle 

row* rote 

Nonsmoking 

flight. 

Average CO t 


1561 

I7S6 

Per cent CO, samples 
*1000 ttl/* 1 

87* 

88.1 

*7-0 

Avenge axentljdf '') 

0.01 

0.01 

0.02 

Par cent mole sample* 
*0.1 *1/" 

0* 

oo 

00 

Avenge bacteria 
(CFU m‘*) 

162.7 

111-2 

tJU 

Average fund 

<CFUm’ r ) 

33 

a* 

»j 0 
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Table S. Rclatiotuhip of CO, measurement results for ill smoking (lighu 
10 load factor 


Loi<J fitter 
(number of flight*) 

CO, IveragetstanOard deviation (yslf) 

Smoking 

law 

Mwidli 

row 

<50% (16) 

1129.0 * 2772 

1113.0 + 275.6 

50-69.9% (12) 

1211J ±229.1 

1153.1 ±603.3 

7p-89.9% an 

H 794.2 ± 884J 

1699.9±5M.5 

>90% (20) 

I910.2± 583.7 

I743.»±2IZ« 


that have been characterized through croM-Jectional 
it udiea. 

AthsewledytmenU— Thij iludy w»j Jupported by the U-S. 
Depa riraenf of Tr import jtion. Office or the Secretary. under 
contract no. DOTSS9-S9C-00C91 Dr Roy Fortmuin pro¬ 
vided (upcfvnion of the field monitoring effort. 
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